The large protein superfamily of NADPH oxidases (NOX enzymes) is found in members of all eukaryotic kingdoms: animals, plants, fungi, and protists. The physiological functions of these NOX enzymes range from defense to specialized oxidative biosynthesis and to signaling. In filamentous fungi, NOX enzymes are involved in signaling cell differentiation, in particular in the formation of fruiting bodies. On the basis of bioinformatics analysis, until now it was believed that the genomes of unicellular fungi like Saccharomyces cerevisiae and Schizosaccharomyces pombe do not harbor genes coding for NOX enzymes. Nevertheless, the genome of S. cerevisiae contains nine ORFs showing sequence similarity to the catalytic subunits of mammalian NOX enzymes, only some of which have been functionally assigned as ferric reductases involved in iron ion transport. Here we show that one of the nine ORFs (YGL160W, AIM14) encodes a genuine NADPH oxidase, which is located in the endoplasmic reticulum (ER) and produces superoxide in a NADPH-dependent fashion. We renamed this ORF YNO1 (yeast NADPH oxidase 1). Overexpression of YNO1 causes YCA1-dependent apoptosis, whereas deletion of the gene makes cells less sensitive to apoptotic stimuli. Several independent lines of evidence point to regulation of the actin cytoskeleton by reactive oxygen species (ROS) produced by Yno1p.
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cell cycle | integral membrane reductase | wiskostatin | latrunculin R eactive oxygen species (ROS) have multiple roles in physiology and pathophysiology, in particular during aging and induction of programmed cell death. This includes also nonmitochondrial sources, besides the long-studied mitochondrially generated ROS. These findings can be viewed as important additions to the classical "free radical theory of aging" (1) and theories developed thereafter (2, 3) .
In higher organisms, among others, at least two major sources of superoxide other than mitochondria are known. On the one hand, xanthine oxidase, an enzyme in the catabolism of purines, which catalyses the oxidation of hypoxanthine to xanthine and to uric acid, produces superoxide (4) . On the other hand, NADPH oxidases (NOX) catalyze the production of superoxide from oxygen and NADPH (5) .
The NADPH oxidase superfamily of membrane-located enzymes of higher cells has been known for a decade (for review, ref. 5) . Whereas the human NOX2 was discovered early on, other NOX (Nox1/3/4/5) as well as dual oxidase (DUOX) (Duox1/2) enzymes (displaying two domains: a NADPH oxidase domain and a peroxidase domain) have been found relatively recently in human cells. The human NOX2 was discovered as a defense enzyme of neutrophils and macrophages, which produce a burst of superoxide (O 2 · − ) as a first line of defense against invading microorganisms. Although X-ray or NMR structure determinations are not available, we know from indirect evidence and bioinformatics that the catalytic subunit of the macrophage enzyme contains six transmembrane helices, is located in the plasma membrane, and produces superoxide in a vectorial way to the lumen of the phagosome, which is topologically outside the cytoplasmic space of the cell. In fact, all known NOX enzymes are membrane bound and deliver superoxide in a vectorial way. Not all NOX enzymes are located in the plasma membrane, however. For instance, human NOX4 was reported to be localized in the endoplasmic reticulum (ER), the nucleus, or in the mitochondria in several conflicting reports (6, for review, ref. 7). The NADPH oxidases require three different redox cofactors, namely two tightly bound b-type hemes, FADH 2 and NADPH, which are bound by the dehydrogenase domain (5, 6) . The general structural and mechanistic features of the NOX catalytic subunit seem to be relatively well conserved between the different NOX enzymes; however, they are regulated in different ways, either through regulatory subunits or by calcium ions. Calcium-dependent regulation is assumed and in some cases verified by experiments to occur via EF-hand motifs, which are present in NOX5 and the DUOX enzymes (8) .
The immediate product (presumed or directly measured) of NOX (and DUOX) enzymes is the superoxide radical anion, which is, however, metabolized to other ROS molecules (peroxynitrite, H 2 O 2 , hypochlorite, and hydroxyl radical) relevant for defense in the case of NOX2 (9) . The other NOX enzymes serve more specialized metabolic functions. A signaling function of ROS (superoxide and hydrogen peroxide) originating from NOX enzymes is increasingly discussed in the literature (5) .
Fungal NOX enzymes of the NOXA, -B, and -C subfamilies and their physiological roles were discovered relatively recently (10, for review, ref. 11). The filamentous fungi Podospora anserina, Neurospora crassa (12) and the social amoeba Dictostelium discoideum (13) could be shown to express NADPH oxidases that actively produce superoxide (14) . The deletion of PaNOX1 has no influence on growth, but completely blocks fruiting body formation (14) . Fungal NOX enzymes mostly produce ROS as second messengers for coordination of multicellular communication To whom correspondence may be addressed. E-mail: wburhans@buffalo.edu or michael. breitenbach@sbg.ac.at.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1201629109/-/DCSupplemental. (14) . However, in hemiascomycetous yeasts no gene or enzyme has been assigned as a superoxide-generating NADPH oxidase up to now (10, 15) .
In this work we present evidence that the yeast Saccharomyces cerevisiae produces a NADPH oxidase encoded by the ORF, YGL160W (AIM14). We show that this enzyme exhibits all biochemical properties of a fungal NADPH oxidase and have therefore renamed it YNO1 (yeast NADPH oxidase 1). Overexpression leads to production of ROS causing Yca1p-dependent apoptosis. Deletion of the gene confers resistance against apoptotic stimuli and hypersensitivity to wiskostatin and latrunculin B, indicating a role of Yno1p in regulation of the actin cytoskeleton.
Results and Discussion
Yeast Genome Codes for a Putative NADPH Oxidase Homolog: Yno1p.
The common structural features of the NOX/integral membrane reductase (IMR) superfamily include in the N-terminal part six or seven transmembrane helices, two of which contain two strictly conserved histidine residues responsible for coordinating two spectroscopically nonidentical b-type heme groups. The Cterminal cytoplasmic globular domain contains binding sites for FADH 2 and NADPH (Fig. 1A) . Position-specific iterated (PSI)-BLAST analyses with the sequence of the catalytic subunit of the human NOX2 against the yeast genome showed that all features of NOX enzymes could be found in yeast ferric reductases, which are, like NADPH oxidases, proven flavocytochromes b 558 (16) . We conclude that within the large NOX protein superfamily functional diversity developed and a new function (ferric reductase or, more generally, IMR) arose (11) . Among the yeast FRE subfamily the closest homolog to human NOX enzymes was found to be the yeast ORF YGL160W, bearing 32.1% sequence similarity (16.6% identity) to NOX5. The binding site for the nicotinamide moiety of NADPH in YNO1 is identical with the corresponding sequences of the DUOX enzymes (Fig. 1B) .
In a phylogenetic tree of the NOX/IMR superfamily, FRE1-FRE7 cluster together, whereas the closely related sequences of FRE8 and YNO1 are located somewhat farther away from the FRE genes and show a closer relationship to the animal NOX5 sequences (Fig. S1) . A ferric reductase function has been shown for FRE1-FRE4 (17), and iron-(or copper)-dependent transcriptional control was found for FRE1-FRE7 (18, 19) . FRE8 and YNO1 cluster together and are neither transcriptionally controlled by iron nor is the deletion dependent on increased iron for growth (18) .
Yno1p Does Not Function as a Ferric Reductase. To test for the possibility that Yno1p might have ferric reductase activity that aids iron uptake leading to superoxide production, we determined total iron as well as soluble iron in strains overexpressing YNO1 and compared the results with controls carrying the empty vector (Fig. S2) . Clearly, overexpression of YNO1 did not lead to a significant accumulation of iron in the cells. Microsomes isolated from a strain overexpressing YNO1, which showed a high level of NADPH oxidase activity (see below) were only weakly active irrespective of the presence or absence of Yno1p when tested for iron reductase activity (20) (Fig. S3 ). Taken together, the iron reductase activity measurements, iron uptake data, phylogenetic tree construction, and the transcriptional regulation data cited above do not support a ferric reductase function for Yno1p.
Yno1p Produces Superoxide Anions. To clarify whether the proteins encoded by YNO1 or any one of the eight yeast FRE genes has the capacity to produce superoxide (O2· − ), as would be expected of a genuine NADPH oxidase, all nine genes were cloned into Table S1 for determination of statistical significance. (B) Results of in vivo ESR measurements using the spin trap, DEPMPO (22) . Lines marked with arrows are specific for the superoxide adduct. Upper spectrum corresponds to BY4741 transformed with the empty vector. Lower spectrum was obtained after galactose induction of pYES2-YNO1. Both spectra were recorded with three biological replicas each. Comparing the signal intensities of the superoxide-specific bands shows that they are significantly different with a two-tailed P value of 0.0057. the expression vector pCM297 under the control of a tightly regulated but relatively weak doxycyline-inducible promoter (19, 21) . All these constructs were transformed into the yeast strain BY4741, which was grown to midexponential phase. Thereafter, 100 mg/L doxycyline was added to induce the expression of the genes to be tested. After 6 and 16 h, respectively, the superoxide levels were measured by dihydroethidium (DHE) assay. Compared with the wild-type strain BY4741, which was transformed with the empty vector pCM297, YNO1 was the only one of the yeast genes tested that gave a small but significant positive signal indicated by a 50% increased oxidation of DHE (Fig. S4) .
For further experiments, the yeast YNO1 as well as the PaNOX1 gene (positive control) and the FRE1, FRE3, and FRE8 genes were subcloned into the expression vector pYES2, harboring the strong GAL1 promoter to induce high expression of the selected genes. Expression of these constructs confirmed the results obtained by expression in pCM297. Overexpressing YNO1 led to an approximately five-to ninefold increase of the ROS level. The control strain with PaNOX1 showed a twofold increase in fluorescence signal intensity, as did the FRE8 ORF. FRE1 and FRE3 showed a ROS level comparable to the wild-type strain expressing the empty vector ( Fig. 2A) .
The DHE assay is very sensitive but not absolutely specific for superoxide (21) . Therefore, we also performed ESR measurements for a more direct detection of superoxide with the spin trap 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO), which forms a stable radical adduct, the resonance spectrum of which is specific for superoxide (22) . ESR spectra were recorded in vivo at room temperature. Wild-type cells overexpressing the empty vector only produce signals with DEPMPO at background level. However, cells of a strain overexpressing YNO1 produced a strong signal characteristic of the superoxide radical anion (Fig.  2B and Table S1 ).
Using the same DHE fluorescence assay as described above, the yno1Δ strain also was tested under the same conditions after growth on YPD, SC −glucose, SC −raffinose, and SC −galactose. Reproducibly and significantly, the deletion strain produced a signal that was about 20% weaker than that of an untransformed WT strain (Fig. 3A) . This indicates that Yno1p contributes about 20% to the total ROS production under exponential growth conditions and that other sources of ROS also exist. We hypothesized that the deletion strain could be resistant to externally applied oxidative stress. Ten-microliter aliquots of the deletion strain and the WT strain in different dilutions were spotted on SC plates containing hydrogen peroxide, diamide, or tert-butyl hydroperoxide. Indeed, the deletion strain showed a higher resistance than the wild-type strain against hydrogen peroxide (Fig. 3B). The deletion strain showed no change in sensitivity on plates containing diamide or tert-butyl hydroperoxide (Fig. S5 ).
Yno1p-Mediated Production of Superoxide Depends on NADPH in
Vivo. We wanted to test whether the high superoxide signal in the YNO1 overexpressing strain was dependent on the NADPH level of the cells. In S. cerevisiae, ZWF1 codes for glucose-6-phosphate dehydrogenase, an enzyme catalyzing the first and rate-limiting step of the pentose phosphate pathway, a reaction that generates NADPH. Cells lacking ZWF1 show a reduced level of NADPH (23) . A zwf1Δ strain overexpressing YNO1 showed no increase in ROS compared with wild type or the deletion strain carrying the empty vector, indicating that Yno1p activity very probably is NADPH dependent in vivo (Fig. S6) .
Yno1p Localizes to the Perinuclear ER. Previous studies of NADPH oxidases in human cells indicate that NOX enzymes are localized in various membranes such as the plasma membrane, ER, or the mitochondrial membranes (6, 7). To determine subcellular localization of Yno1p, we constructed a C-terminal fusion protein of Yno1p and eGFP expressed under the control of the constitutive MET25 promoter in the pUG35 vector. In cells expressing the fusion protein, a clear perinuclear GFP signal was observed ( Fig. 4; compare with ref. 24) . Simultaneously expressing HDEL-RFP (25) showed colocalization of Yno1-GFP with HDEL-RFP in the perinuclear ER (Fig. S7) .
To biochemically localize the enzyme activity in cells of a strain overexpressing the full-length nonfusion Yno1p under galactose control, cells were broken with glass beads and fractions were obtained by differential centrifugation. DHE fluorescence assays were performed as described above to measure superoxide anions in microsomal fractions (100,000 × g pellet) from cells transformed with the empty vector and from cells overexpressing YNO1. Microsomes were characterized by electron microscopy (Fig. S8) . As shown in Fig. 5 , the microsomal fraction contains the Yno1p enzyme activity, which is NADPH dependent in vitro and is inhibited by diphenyleneiodonium chloride (DPI) (26) , indicating a genuine NADPH oxidase and confirming the results seen with the Yno1-eGFP fusion protein. The microsomes displayed a residual activity with NADH as cofactor. Note that some flavocytochromes b, like the human NOX2 enzyme, also show a weak affinity for NADH, whereas NOX4 and NOX5 are specific for NADPH (27) . The microsomes show a small residual NADPH-dependent activity that was not inhibited by DPI, which is likely due to the presence of microsomal oxidoreductases other than Yno1p. When we compared the specific activity of Yno1p (DHE fluorescence counts divided by protein amount) in the supernatant of the 4,500 × g centrifugation with the activity in the purified microsomes, we observed a significant enrichment (SI Results), indicating that the majority of the enzyme is located in microsomes. All other fractions obtained except the 18,000 × g supernatant containing microsomes showed reduced levels of DHE fluorescence (Fig. S9 ).
YNO1 Overexpression Causes Cell Death Depending on the Yeast
Caspase YCA1. To investigate the impact of Yno1p on yeast cell physiology, we first tested cell growth (Fig. S10) . Compared with WT, a yno1 deletion strain exhibited normal growth on standard media (synthetic complete, SC) (Fig. S10A) . Overexpression of Yno1p resulted in a substantial slowing of growth (Fig. S10B) , which was caused by induction of apoptosis and necrosis, as shown below. However, growth was not altered by overexpression of YNO1 in a yca1Δ strain (28, 29) , indicating that cell death by YNO1 overexpression depends on a functional Yca1p caspase (Fig. S10C) .
Next we tested apoptotic and necrotic markers in the same strains just discussed (Fig. 6) . The results show that clonogenicity over 7-d culture in stationary phase decreased substantially when Yno1p was expressed, indicating increased chronological aging. However, this effect was substantially dampened by deleting YCA1 (Fig. 6A) , confirming the results seen in the growth curves of Fig. S10 . Measuring apoptotic and necrotic markers showed that the cells were rescued from both forms of death by the YCA1 deletion ( Fig. 6 C and D) , although ROS production was still high in the yca1Δ strain overexpressing YNO1 at day 2 (Fig. 6B ). This latter effect was time dependent and at the end of the survival curve (day 7), ROS production in the yca1Δ YNO1 overexpressing strain appeared to be lower. Microscopic images of the apoptotic markers examined are shown in Fig. S11 . Taken together, the results shown in Fig. 6 and Figs. S10 and S11 establish that Yca1p acts downstream of the ROS produced by Yno1p.
We next tested the budding index in stationary WT cells with or without overexpression of Yno1p. As shown in Fig. 6E , after 3 d, the WT exhibited a low number of budded cells, but in the YNO1 overexpressing strain, cells began new cell cycles despite the absence of nutrients. This is consistent with the lethal effect of YNO1 overexpression and suggests that the ROS produced by Yno1p creates a signal that starts a new cell cycle.
ROS Production by Yno1p Is Independent of the Mitochondrial
Respiratory Chain and Does Not Contribute to ER Stress. We wanted to determine whether the remarkable increase in ROS production in YNO1 overexpressing strains required a functional respiratory chain. The deletion of AFO1 (30), a mitochondrial ribosomal protein, leads to cells completely devoid of mitochondrial DNA (ρ 0 ), which also display a very low level of ROS, in contrast to standard ρ 0 strains isolated after treatment with ethidium bromide. This strain was therefore ideally suited for this measurement. The results indicate that a functional respiratory chain (which is absent in ρ 0 strains) is not needed for ROS production by Yno1p (Fig. S12A) .
Tunicamycin induces ER stress and a high level of ROS in WT yeast (31) that can lead to apoptosis. As shown in Fig. S12B , this effect is independent of Yno1p. Therefore, Yno1p is not a significant contributor to ER stress. This finding is also consistent with the observation that a yno1Δ strain shows neither resistance nor sensitivity to the reductant dithiothreitol (DTT), which leads to an accumulation of unfolded proteins in the ER and causes ER stress (Fig. S13) . We conclude that ROS production by Yno1p is not related to mitochondrial respiration and mitochondrial ROS production. We also conclude that the direct influence of Yno1p on mitochondria and vice versa is weak or absent in this case, in contrast to higher cells where a cross-talk between NOX enzymes and mitochondria has been described (32) . Furthermore, the production of ROS by this ER membrane-localized enzyme is independent of the ROS production due to ER stress and the accumulation of unfolded proteins in the ER.
Interaction of the Yno1p-Produced ROS with the Nucleation and Elongation
Step in the Biosynthesis of F-Actin Cables. Previous whole genome screening (33) identified the yno1Δ strain as hypersensitive to wiskostatin and showed synthetic lethality of yno1Δ with a heterozygous deletion of act1, the only actin-encoding gene on the haploid genome of yeast (34) . Wiskostatin is a drug that interacts with Wiskott-Aldrich syndrome protein (WASP), thereby preventing the nucleation of F-actin cables. We confirmed this high-throughput result and also determined that a nontoxic concentration of H 2 O 2 partially reverses the toxic effect of wiskostatin (Fig. 7A) . Note that H 2 O 2 does not oxidize wiskostatin under the conditions used.
Additional inhibitors of the actin cytoskeleton have been identified (33) , including latrunculin B, an inhibitor of F-actin cable elongation (35) . After a 10-min incubation with 20 μM latrunculin B, the yno1Δ mutant completely lost F-actin cables, but not F-actin patches (in the daughter cell at this stage of the cell cycle). Under the same conditions, WT cells remain completely normal in appearance. The effect of latrunculin B on the mutant was efficiently reversed by adding a low concentration of H 2 O 2 , which did not inhibit cell growth (Fig. 7B) . We conclude that Yno1p functionally interacts with F-actin by producing ROS and that the function of YNO1 in this interaction very probably is to supply H 2 O 2 generated via its primary product, superoxide. This conclusion is strengthened by the fact that in the mammalian system, ROS created by NOX have been shown to regulate the actin cytoskeleton (36). Concluding Remarks. We show here that Yno1p of S. cerevisiae is a NADPH oxidase, which produces superoxide and indirectly H 2 O 2 . Two of the nine S. cerevisiae members of the NOX/IMR superfamily, Fre8p and Yno1p, the protein described in this communication, cluster together at a location different from the other seven Fre enzymes in phylogenetic trees constructed by two different methods (ref. 11, this paper, and Fig. S1 ). Yno1p and Fre8p are also different from Fre1-7p because they show no involvement in iron reduction and uptake. Another distinctive feature of Yno1p is that overproduction of this protein, but not overproduction of Fre1-Fre7p leads to slow growth as determined in a whole genome screen (37) and in this study (Fig. S10) . Slow growth of these strains can be explained by apoptotic and necrotic cell death.
Additional criteria for identification of Yno1p as a genuine NADPH oxidase are its inhibition by DPI, dependence on NADPH, and sequence information that predicts seven transmembrane helices, four conserved histidine residues that can coordinate two heme b groups, and a globular C-terminal region containing binding sites for FAD and NADPH (Fig. 1) . FRE8 overexpression leads to weak but significant superoxide production, whereas the other seven FRE genes after overexpression yield a level of ROS equal to the WT or uninduced yeast cells.
Strong (albeit indirect) evidence points to a physiological function of Yno1p in the regulation of the cell's actin cytoskeleton. The yno1Δ mutant shows hypersensitivity to wiskostatin, which inhibits F-actin cable nucleation, and to latrunculin B, which inhibits F-actin cable elongation. In both cases, the phenotype can be rescued by addition of a relatively small nontoxic concentration of H 2 O 2 . This indicates that the function missing in yno1Δ cells is production of ROS that have a role in signaling. How is this possible considering that there are many other sources of ROS in the cell? Although the answer to this interesting question must await future research, it could be related to compartmentalization of different kinds of ROS in space and time during the cell cycle. This possibility is consistent with the observation that overexpression of YNO1 causes a significant increase of budded cells in stationary phase.
Materials and Methods
Strains BY4741 (MATα his3 Δ1 leu2Δ0 ura3Δ0 met15Δ0) and the respective knockout in the YNO1 gene (European Saccharomyces Cerevisiae Archive for Functional Analysis) were grown in SC medium (20) with 2% (wt/vol) glucose as carbon source and used for most of the experiments. Overexpression of the YNO1 and its homologs was accomplished by cloning it as a PmeI/PmeI fragment into the galactose-inducible pYES2 yeast expression plasmid (Invitrogen) and growing the strains on 3% galactose. For visualizing the actin cytoskeleton, the genomic integration of ABP140-eGFP in strain SEY (MATa his3 Δ200 leu2-3112 ura3-52 trp1-Δ901 lys2-801 suc2Δ9) was used. Latrunculin B (Sigma) was added to a final concentration of 20 μM to cultivation media. Fluorescence microscopy was performed using an Olympus IX-71 inverted microscope equipped with Hamamatsu Orca/ER digital camera and the Cell R detection system. ROS (superoxide) determination was performed in vivo with DHE in an Anthos Zenyth 3100 plate reader as described previously (20) . Apoptotic markers and chronological lifespan were determined as described in ref. 27 . A more detailed description of the materials and methods, including statistical analysis, is given in SI Materials and Methods.
